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We report an angle-resolved photoemission investigation of optimally-doped Ca0.33Na0.67Fe2As2.
The Fermi surface topology of this compound is similar to that of the well-studied Ba0.6K0.4Fe2As2
material, except for larger hole pockets resulting from a higher hole concentration per Fe atoms.
We find that the quasi-nesting conditions are weakened in this compound as compared to
Ba0.6K0.4Fe2As2. As with Ba0.6K0.4Fe2As2 though, we observe nearly isotropic superconducting
gaps with Fermi surface-dependent magnitudes. A small variation in the gap size along the momen-
tum direction perpendicular to the surface is found for one of the Fermi surfaces. Our supercon-
ducting gap results on all Fermi surface sheets fit simultaneously very well to a global gap function
derived from a strong coupling approach, which contains only 2 global parameters.
PACS numbers: 74.70.Xa, 74.25.Jb, 71.18.+y
Although there is a broad consensus on the existence
of non-conventional superconductivity in the Fe-based
superconductors, intense debates persist on the precise
nature of the pairing mechanism in these compounds.
Arguably, the candidate models can be divided into two
main categories. On one side, the Fermi surface (FS)-
driven pairing mechanisms or weak-coupling approaches
consider as primordial the interactions between the var-
ious FSs [1–3]. On the other side, short-range pairing
mechanisms, which may include approaches from the in-
termediate to the strong coupling [4–8], are more nat-
urally described in the real space. These various mod-
els necessarily have fingerprints in the size and symme-
try of the superconducting (SC) order parameter, which
are accessible directly in the momentum space by angle-
resolved photoemission spectroscopy (ARPES).
The easiest way to address this debate using a
momentum-resolved probe such as ARPES is to tune the
size of the various FSs, which is done by varying the car-
rier concentration in the Fe-As planes. The 122 family
of ferropnictides is ideal for this purpose since it counts
several members with relatively high SC critical temper-
atures (Tc’s), in addition to leave nice and shinny cleaved
surfaces. In this paper, we focus on optimally-doped
Ca0.33Na0.67Fe2As2, which has a Tc nearly as high as the
well-studied Ba0.6K0.4Fe2As2 compound, despite a much
larger hole concentration per Fe at optimum concentra-
tion [9]. Consistently, we observe very large hole FSs cen-
tered at the Brillouin zone (BZ) center (Γ point) showing
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weaker quasi-nesting conditions to the M-centered elec-
tron FSs than in Ba0.6K0.4Fe2As2 [10, 11]. We determine
a rather isotropic SC gap that is FS-dependent, with SC
gap sizes ranging from 5.7 to 9.7 meV. Interestingly, we
show that the SC gap on one of these bands is slightly
modulated as a function of the out-of-plane momentum
kz. More importantly, we demonstrate that the SC gap
data on all the FSs can be fit all together using the same
global gap function derived from a strong coupling, with
the same 2 global gap parameters, thus suggesting that
local interactions play a major role in the Cooper pairing
in the Fe-based superconductors.
Single-crystals of Ca0.33Na0.67Fe2As2 showing bulk su-
perconductivity at Tc = 33 K were grown by the self-flux
method [12]. Most of the synchrotron ARPES measure-
ments were performed at beamline SIS of the Swiss Light
Source. Synchrotron data were also recorded at 1 K us-
ing the 1-cubed ARPES end-station of BESSY, and addi-
tional SC gap measurements were performed in our own
facilities at the Institute of Physics, Chinese Academy
of Sciences, using the He αI line of an helium discharge
lamp. All these systems are equipped with VG-Scienta
R4000 electron analyzers and the angular resolution was
set to 0.2◦ while the energy resolution for the SC gap
measurements ranged from 4 to 7 meV. All samples were
cleaved in situ and measured in a working vacuum bet-
ter than 5×10−11 torr. In the following, we label the
in-plane momentum values with respect to the 1 Fe/unit
cell Brillouin zone (BZ) and use c′ = c/2 as the distance
between two Fe planes.
To discuss the FS topology of Ca0.33Na0.67Fe2As2, we
present in Figs. 1(a) and 1(b) ARPES intensity map-
pings of this material recorded with 58 eV and 42 eV
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2FIG. 1. (Color online) (a) and (b) ARPES intensity plots (±5
meV integration) of the FS of Ca0.33Na0.67Fe2As2 recorded
with 58 eV (kz ≈ 0) and 42 eV (kz ≈ pi/c′) photons, respec-
tively. Open symbols represent the kF positions obtained
from MDC fitting at EF for the α, α’ and β bands, and
the solid lines correspond to fits of these kF positions to the
function form kα,α
′,β
F = k
α,α′,β
F,0 + k
α,α′,β
F,φ cos(4φ). (c) ARPES
intensity plot (±5 meV integration) of the kz momentum dis-
persion at EF obtained by converting the photon energy into
kz using the free-electron approximation [13] with an inner
potential of V0 = 12.7 eV. The kF positions are indicated by
open symbols and solid lines are used as guides to the eye
for the various FSs. Strong kz dispersion is observed only
for the α′ band within the [pi/2, 3pi/2] range with the form
kα
′
F = k0 + k⊥ cos(kzpi). The yellow and blue curved lines in-
dicate the kz values for the mappings obtained at 58 eV and
42 eV, respectively. (d) 3D representation of the Γ-centered
FSs.
photons, which correspond approximately to the kz = 0
and kz = pi/c
′ planes, respectively. The FS topology,
quite similar to that of other 122-ferropnictides [14], is
composed of Γ(Z)-centered hole FS pockets and M(R)-
centered electron FS pockets. Using the momentum dis-
tribution curves (MDCs) at the Fermi level (EF ), we ex-
tracted the Fermi wave vectors (kF ) of the hole FSs, as
illustrated in Figs. 1(a) and 1(b). While we can distin-
guish only two hole FSs for kz ≈ 0, we clearly observe
three for kz ≈ pi/c′. Based on previous reports on similar
materials [14], we conclude that two of them, the α and
α′ FSs, are nearly degenerate near kz = 0.
The α′ band, which is formed mainly by the even com-
bination of the dxz and dyz orbitals [15], is the outer-
most FS near kz = pi/c
′. As illustrated in Fig. 1(c), this
FS is the only one showing significant modulation along
the kz axis, which we access by converting the probing
photon energy into kz using the free-electron approxi-
mation [13] and an inner potential V0 = 12.7 eV. This
modulation is particularly obvious within the [pi/2, 3pi/2]
range. As with optimally-doped Ba0.6K0.4Fe2As2 [16],
the other bands do not exhibit any noticeable modula-
tion with respect to kz, and thus the three-dimensional
(3D) FS of Ca0.33Na0.67Fe2As2 near the zone center, re-
produced schematically in Fig. 1(d), is essentially com-
FIG. 2. (Color online) (a) ARPES intensity plot recorded at
10 K along Γ-M (hν = 63 eV). (b) and (c) Corresponding
intensity plot of 2D curvature [17] and EDC plot, respec-
tively. Dashed lines in (b) are guides to the eye. The inset of
(b) refers to data obtained with pi polarization, which show
clearly the δ band. The EDCs at the Γ and M points are
respectively represented in black and blue in panel (c). (d)
and (e) Intensity plots of 2D curvature in the kx − kz plane
recorded with σ and pi polarizations, respectively. The inset
in panel (e) is the 2D curvature intensity plot along the Γ-
X direction recorded with pi polarized light. (f) Illustration
of the nesting conditions along Γ(Z)-M(R). Solid lines repre-
sent the various FSs while the dashed lines correspond to FSs
shifted by the antiferromagnetic vector Q.
posed of cylinders, except for one strongly dispersive FS
sheet.
Figure 2 shows the electronic band dispersion along the
Γ-M high-symmetry line. In addition to the Γ-centered
hole bands discussed so far, the ARPES intensity plot
along Γ-M in Fig. 2(a), the corresponding intensity plot
of 2D curvature [17] in Fig. 2(b) and the EDC plot in
Fig. 2(c) illustrate well the M-centered electron pockets.
To discuss the nesting conditions between the M-centered
electron pockets and the Γ-centered hole pockets, which
are central to FS-driven pairing mechanisms, we display
in Figs. 2(d) and 2(e) the intensity plots of 2D curva-
tures in the kx − kz plane, for data recorded using σ
and pi polarizations, respectively. As we can see from
the summary of the FSs observed, which is illustrated in
Fig. 2(f), and as reported previously [18], no elecron-hole
pair of FS pockets has a good nesting. Although quasi-
nesting in the sense of Ref. [14] remains possible, it is
weaker than in the Ba1−xKxFe2As2 cousin compounds,
despite a similarly high Tc.
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FIG. 3. (Color online) (a)-(c) Momentum distribution of the
symmetrized EDCs, recorded at 12 K with the He αI line
(21.218 eV) of an helium discharge lamp, showing the SC gap
along the α, β and γ bands, respectively. The corresponding
average gap values are ∆α = 9.7 meV, ∆β = 5.7 meV and
∆γ = 9.2 meV. (d) Polar distribution of the SC gap values
obtained from panels (a)-(c).
To check if the SC gap structure of Ca0.33Na0.67Fe2As2
is strongly affected by the relatively weaker quasi-nesting
conditions as compared with Ba0.6K0.4Fe2As2, we per-
formed ultra-high energy resolution measurements below
the SC transition. The results are shown in Fig. 3. Fol-
lowing a common practice, we symmetrized the EDCs in
order to approximately remove the Fermi-Dirac cut-off.
The momentum distribution of the resulting curves are
given in Figs. 3(a)-3(c) for the α, β and γ FSs, respec-
tively. As illustrated with the polar plot in Fig. 3(d),
rather isotropic SC gaps open on all these FSs, which is
similar to observations on other 122-ferropnictides [14]
but contrasts with a recent report on Ca1−xNaxFe2As2
where a noticeable gap anisotropy is found on the β FS
[18]. Interestingly, the gap found on the large β FS is sig-
nificantly smaller than on the α and γ FSs. Similar ob-
FIG. 4. (Color online) (a) Photon energy dependence of the
symmetrized EDCs recorded at 1 K (except for the 21.2 eV
data, recorded at 12 K) on the α FS. Solid and dashed curves
correspond to two different kF points. The vertical dashed
lines located at -10.5 meV and -7.5 meV are guides to the
eye showing the dispersion of the peaks. (b) Photon energy
dependence of the SC gap sizes extracted from (a). (c) Same
as in (b) but with the photon energy converted into kz. The
data are fit to the function ∆α = 8.8 + 1.13 cos(kz) (meV).
(d) SC gap magnitude on the various FSs as a function of the
global gap function | cos(kx) cos(ky)|. (e) Same as (d) but for
the gap function ∆fit = |∆2 cos(kx) cos(ky)+(∆z/2)[cos(kx)+
cos(ky)] cos(kz)|.
servation has been reported from a calorimetric investiga-
tion of Ba0.65Na0.35Fe2As2 where ∆/kBTc ratios of 1.06
and 2.08 were found [19]. The gap sizes we determined
directly from ARPES on Ca0.33Na0.67Fe2As2 are much
larger though and more consistent with other Fe-based
superconductors with comparable Tc’s. Indeed, while av-
erage SC gaps of ∆α = 9.7 meV (∆α/kBTc = 3.4) and
∆γ = 9.2 meV (∆γ/kBTc = 3.2) are found for the α
and γ FSs, the average SC gap size on the β band is
only ∆β = 5.7 meV (∆β/kBTc = 2), a situation simi-
lar to that of Ba0.6K0.4Fe2As2, where the 6 meV SC gap
found on the β FS differs largely from the 12 meV SC
gap found on the other bands [10, 11]. We note that our
data show slightly larger SC gap sizes than in the study
of Evtushinsky et al. [18], which is possibly due to a
sample dependence.
A previous report on the cousin Ba0.6K0.4Fe2As2
optimally-doped compound showing non-negligible kz
variations of the SC gap [16], especially on the α FS, we
also recorded SC data at various photon energies for that
particular FS. The corresponding symmetrized EDCs are
displayed in Fig. 4(a). The extracted gap size, shown
in Fig. 4(b), is slightly modulated with photon energy.
More precisely, we found after converting the photon en-
4ergy into kz that the gap size obeys the periodic function
∆α = 8.8 + 1.13 cos(kz) (meV), as shown in Fig. 4(c).
This result suggests the presence of interlayer interac-
tions affecting the SC pairing. This effect is relatively
small though as compared to the average value of the SC
gap.
One of the main consequences of a short-range SC
pairing mechanism is that the SC gap on each of the
various FS sheets obeys the same global function de-
fined in the entire momentum space. In other words,
the SC gap magnitude depends essentially on the abso-
lute kF position rather than on the relative positions of
two FSs, in contrast to FS-driven pairing mechanisms for
which inter-FS and intra-FS interactions dominate. In-
elastic neutron scattering experiments suggest that the
interactions between next-nearest Fe neighbors, charac-
terized by the exchange parameter J2, is the most impor-
tant antiferromagnetic exchange parameter to describe
the spin wave dispersion in the magnetically-ordered 122-
ferropnictides. Assuming that fluctuations of these inter-
actions persist in the SC materials and are responsible for
the SC pairing leads to the conclusion that the SC pair-
ing function must either have the form sin(kx) sin(ky) or
cos(kx) cos(ky). We discard the former one since it im-
plies the presence of nodes that are not detected in our
experiments. In Fig. 4(d), we plot the magnitude of the
SC gap determined by ARPES as a function of the abso-
lute value of the latter function, ARPES being directly
sensitive only to the magnitude of the SC gap. The agree-
ment is qualitatively pretty good with a linear relation-
ship, with the data spreading over a considerable range
of the [0,1] range limiting the | cos(kx) cos(ky)| function.
The fit of the experimental data to a global gap func-
tion derived from short-range interactions using a single
parameter for all the FS sheets pushes towards a local
pairing origin in this particular material, similarly as in
the other Fe-based superconductors [20]. The fit is not
perfect though, suggesting that some parameters have
been neglected. For instance, as mentioned above, there
must exist a finite interlayer interaction responsible for
the modulation of the SC gap on the α FS shown in
Fig. 4(c). Following previous studies on Ba0.6K0.4Fe2As2
[16], BaFe2(As0.7P0.3)2 [21] and Ba(Fe0.75Ru0.25)2As2
[22] addressing this issue for ARPES measurements
of the SC gap on the Fe-based superconductors, we
improve the gap function by including an interlayer
coupling that translates into the global gap function
|∆2 cos(kx) cos(ky) + (∆z/2)[cos(kx) + cos(ky)] cos(kz)|,
where we now have 2 parameters. The result of the fit,
displayed in Fig. 4(e), suggests the validity of this ap-
proach for Ca0.33Na0.67Fe2As2 as well, and thus suggests
that this behavior is common to most of the 122 ferrop-
nictide compounds. Interestingly, we extract the global
parameters ∆2 = 9.9 meV and ∆z = 1.2 meV, which
leads to a ∆z/∆2 ratio of 8.3 that is similar to the J2/Jz
ratio of 7 determined from inelastic neutron scattering
on the parent compound CaFe2As2 [23]. Although inter-
band and intraband interactions very near EF certainly
play a very important role in the physics of the Fe-based
superconductors, our current results add to previous ones
suggesting that the SC pairing of electrons in these mate-
rials rather originates from short-range interactions bet-
ter described in the real space.
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